Lateral Signaling Mediated by Axon Contact and Calcium Entry Regulates Asymmetric Odorant Receptor Expression in C. elegans  by Troemel, Emily R. et al.
Cell, Vol. 99, 387±398, November 12, 1999, Copyright 1999 by Cell Press
Lateral Signaling Mediated by Axon Contact
and Calcium Entry Regulates Asymmetric Odorant
Receptor Expression in C. elegans
receptor gene is critical not only for a neuron's olfactory
function but also for its projection to its target in the
olfactory bulb (Mombaerts et al., 1996). An individual
olfactory neuron in mammals probably expresses only
one of a thousand receptor genes (Buck and Axel, 1991;
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Chess et al., 1994; Malnic et al., 1999).Department of Anatomy and
Chemosensory receptor expression in C. elegans isDepartment of Biochemistry and Biophysics
highly stereotyped. The major chemosensory organs ofThe University of California
C. elegans are the amphids, a bilaterally symmetric pairSan Francisco, California 94143-0452
of sensory structures on the left and right sides of the
head. The 22 amphid chemosensory neurons fall into
11 morphological classes, with one member of eachSummary
class in the left and right amphids. Each class of amphid
neurons expresses a particular set of receptor genes.C. elegans detects several odorants with the bilaterally
Thirty-eight different candidate receptors from severalsymmetric pair of AWC olfactory neurons. A stochas-
large gene families have been shown to be expressedtic, coordinated decision ensures that the candidate
in specific subsets of chemosensory neurons (Troemelodorant receptor gene str-2 is expressed in only one
et al., 1995; E. R. T. et al., unpublished data). A singleAWC neuron in each animalÐeither the left or the right
class of sensory neurons can express at least six recep-neuron, but never both. An interaction between the
tor genes, allowing the large diversity of chemosensorytwo AWC neurons generates asymmetric str-2 expres-
receptors to be distributed in a small number of neurons.sion in a process that requires normal axon guidance
In most cases, a chemosensory receptor gene is ex-and probably AWC axon contact. This interaction in-
pressed in both the left and right members of a classduces str-2 expression by reducing calcium signaling
of neurons. For example, odr-10 and the candidate re-through a voltage-dependent Ca21 channel and the
ceptors srd-1, str-1, str-3, and sra-6 all have a bilaterallyCaM kinase II UNC-43. CaMKII activity acts as a switch
symmetric expression pattern. However, the two neu-in the initial decision to express str-2; thus, calcium
rons in a class may not always be equivalent: in the ASEsignals can define distinct cell types during neuronal
neurons, two receptor guanylyl cyclases are expresseddevelopment. A cGMP signaling pathway that is used
only in ASEL, while one guanylyl cyclase is expressedin olfaction maintains str-2 expression after the initial
only in ASER (Yu et al., 1997).decision has been made.
Three bilateral pairs of amphid olfactory neurons,
called AWA, AWB, and AWC, are required for the detec-Introduction
tion of volatile odorants. AWA and AWC detect different
groups of attractive odorants, whereas AWB detects
The developing nervous system generates an enormous
repulsive odorants (Bargmann et al., 1993; Troemel et
variety of neurons whose functions depend on distinct al., 1997). The appropriate regulation of odorant receptor
patterns of gene expression. In the olfactory system, genes requires the nuclear receptor transcription factor
the functional properties of individual sensory neurons ODR-7, which acts in the AWA neurons, and the LIM-
are determined by the odorant receptor genes that they homeodomain transcription factor LIM-4, which acts in
express. In both vertebrates and invertebrates, odorant the AWB neurons (Sengupta et al., 1994; Sagasti et al.,
receptors are encoded by large families of G protein± 1999). Mutations in odr-7 and lim-4 transform the sen-
coupled receptors (Buck and Axel, 1991; Troemel et sory neurons in which they are expressed toward an
al., 1995; Clyne et al., 1999; Vosshall et al., 1999). The AWC-like fate. Thus, the ODR-7 and LIM-4 proteins act
genome of the nematode Caenorhabditis elegans con- to diversify odorant receptor expression and olfactory
tains about 1000 potential seven-transmembrane do- neuron fates.
main receptor genes, many of which are likely to encode Here, we describe an additional level of receptor gene
chemosensory receptors (Bargmann, 1998). One of regulation that further increases olfactory neuron diver-
these receptors is ODR-10, a receptor for the odorant sity. The candidate receptor str-2 is asymmetrically ex-
diacetyl (Sengupta et al., 1996). The correct pattern of pressed in only one of the two AWC neurons. Unlike
odorant receptor gene expression is necessary to dic- previous examples of stereotyped left/right asymmetry
tate the correct behavioral response to odorants. Ex- in C. elegans, str-2 expression is stochastic: half of the
pression of ODR-10 in its normal context in the AWA animals in a population express str-2 in AWCL, and
olfactory neurons allows the animal to chemotax to di- the other half express it in AWCR. Asymmetric str-2
acetyl, but misexpression of ODR-10 in the AWB olfactory expression arises from an interaction between the two
neurons causes the animal to avoid diacetyl (Troemel AWC neurons that appears to require axon contact. str-2
et al., 1997). In mammals, the expression of the correct asymmetry is regulated by calcium entry and the cal-
cium/calmodulin-dependent CaM kinase II, and it is
maintained by cGMP signaling. Thus, molecules that* To whom correspondence should be addressed (e-mail: cori@
affect neuronal activity can cause equivalent olfactoryitsa.ucsf.edu).
² These authors contributed equally to this work. cells to differentiate into distinct cell types.
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Figure 1. str-2 Encodes a Candidate Odorant Receptor that Is Asymmetrically Expressed in the AWC Olfactory Neurons
(A) A str-2::GFP fusion is first expressed in about ten cells in the late embryo. The str-2::GFP fusion contains 3.7 kb of upstream region and
the first seven amino acids fused to GFP. Nonspecific GFP expression is also seen in the posterior gut. Figure shows a confocal z series
image collapsed into one plane.
(B) str-2::GFP drives strong expression in an AWC neuron of an adult.
(C) A GFP-tagged full-length STR-2::GFP fusion protein localizes to the AWC cilia of an adult.
(D) All animals with an integrated str-1::GFP transgene express GFP in both AWB neurons.
(E and F) About half of the animals with an integrated str-2::GFP transgene express GFP in the right AWC neuron, and the other half express
GFP in the left AWC neuron.
(B and C) Lateral views. Anterior is left; dorsal is up. (D±F) Dorsal views. Anterior is left; right is up.
Results of the pair. For example, in a transgenic strain containing
a str-1::GFP fusion, 100% of the animals in a population
express GFP in both AWB left (AWBL) and AWB rightstr-2, a Candidate Odorant Receptor,
Is Asymmetrically Expressed (AWBR) (Figure 1D). By contrast, we found that str-
2::GFP expression in the AWC neurons is bilaterallyin the AWC Neurons
str-2 is a predicted seven-transmembrane domain pro- asymmetric. In a strain with a str-2::GFP transgene inte-
grated on chromosome I (kyIs140), 42% of the animalstein with sequence similarity to the diacetyl receptor
odr-10. To ask whether str-2 might encode an odorant expressed GFP solely in AWCL, and the other 58% of
the animals expressed GFP solely in AWCR (n 5 198,receptor, the expression patterns of str-2::GFP fusion
genes were examined. A transgene with the str-2 pro- Figures 1E and 1F). No animals expressed GFP in both
AWC neurons. Therefore, str-2::GFP appears to be sto-moter fused to GFP (str-2::GFP) was first expressed
in the late embryo, where GFP expression could be chastically expressed in AWCL or AWCR, but it is invari-
ably restricted to just one of the two neurons.detected in approximately ten cells (Figure 1A). Expres-
sion became more restricted after hatching and by late The potential to express the str-2::GFP fusion genes
reveals a difference between the two AWC neurons.L1 was present strongly in AWC olfactory neurons and
faintly in the ASI chemosensory neurons (Figures 1B str-2::GFP expression is asymmetric regardless of the
chromosomal location of the str-2::GFP transgene. Fourand 2B). Other odorant receptors such as ODR-10 are
localized to the cilia of olfactory neurons, where odorant independent str-2::GFP strains with the transgenes inte-
grated on chromosomes I, IV, V, or X expressed GFP indetection occurs. To ask whether STR-2 also localizes
to the cilia, GFP was fused to its C terminus to create just one AWC neuron, with about half of the animals in
a population expressing GFP in AWCL and the othera fluorescently tagged STR-2 protein (STR-2::GFP;
Dwyer et al., 1998). The STR-2::GFP fusion gene was half expressing GFP in AWCR (see Experimental Proce-
dures). Asymmetric expression was observed in bothexpressed strongly in the AWC cilia of transgenic ani-
mals, with faint expression in the cell body that was homozygous and heterozygous integrants, as well as
animals bearing extrachromosomal arrays of str-2::GFP.excluded from the nucleus (Figure 1C). Expression in
the AWC olfactory neurons and localization to their cilia These str-2::GFP integrants were used to monitor str-2
expression in all experiments; subsequent referencessuggest that STR-2 could be a receptor for an attractive
odorant. to str-2 expression refer to str-2::GFP expression.
Although asymmetric regulation only requires theC. elegans chemosensory neurons, including the ol-
factory neurons AWA, AWB, and AWC, exist as bilater- str-2 promoter, the STR-2::GFP translational fusion was
also expressed asymmetrically, with transgenic animalsally symmetric pairs. GFP fusions to the receptor genes
ODR-10 and STR-1 are expressed in the AWA and AWB showing expression only in the AWCL cilia, or the AWCR
cilia, but never in both. The str-2 promoter could alsoneurons, respectively, in both the left and right neurons
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Figure 2. Ca21 and cGMP Signaling Regulate str-2::GFP Expression
(A) str-2::GFP is expressed in both AWC neurons in an unc-36 mutant animal.
(B) str-2::GFP is expressed in neither AWC neuron in an unc-43(gf) mutant animal. Arrowhead indicates faint ASI expression.
(C) str-2::GFP is not expressed in an odr-1 adult animal.
(D) str-2::GFP is expressed in one AWC neuron in an odr-1 L1 animal.
Images are a confocal z series collapsed into one plane; anterior is left, and dorsal is up.
confer asymmetric expression onto other genes. A str- was asymmetric, with a wild-type ratio of AWCL and
AWCR cells, in lin-12 loss-of-function (lf) and gain-of-2::ODR-10::GFP fusion was expressed and localized to
the AWC cilia in an asymmetric fashion similar to str-2 function (gf) mutants, glp-1 null mutants, glp-1(ts) mu-
tants, and in a mutant for the Notch ligand, lag-2 (see(in an extrachromosomal array line, 35% of transgenic
animals expressed GFP in AWCL, 56% in AWCR, and Experimental Procedures). These results suggest that
Notch signaling is not required for str-2 asymmetry. It9% did not express GFP, n 5 179), whereas ODR-10
expression under its own promoter is symmetric in the is possible that glp-1 and lin-12 are required but redun-
dant for this decision; glp-1 lin-12 double mutants weretwo AWA neurons. Furthermore, animals with both the
str-2::GFP transgene and the str-2::ODR-10-GFP trans- not examined because they arrest before the stage when
str-2 is first upregulated in AWC.lational fusion gene always expressed both transgenes
in the same AWC neuron. Although the str-2 promoter
reveals an intrinsic difference between the two AWC
neurons, the expression of the endogenous str-2 RNA The Basal State for str-2 Expression in a Single
AWC Neuron Is Offand protein have not been determined. Transgenes do
not necessarily recapitulate the precise expression of To determine whether str-2 is expressed in an AWC
neuron in the absence of its contralateral partner, weendogenous genes, so it is most conservative to con-
sider str-2::GFP expression simply as a marker for one killed precursors of either AWCL or AWCR early in devel-
opment. The operated adult animals were then exam-AWC neuron. We will refer to a str-2-expressing AWC
cell as AWCON, and a non-str-2-expressing AWC cell as ined for str-2 expression in the surviving AWC neuron.
The two AWC neurons derive from different cell lineagesAWCOFF.
The stochastic nature of str-2 expression is reminis- that separate at the eight cell stage. The AWCL precur-
sor (ABplpaa) and the AWCR precursor (ABprpaa) werecent of other developmental events in which cells that
are initially equivalent achieve distinct cell fates by lat- laser killed in embryos at about the 50-cell stage. At this
point in development, each precursor cell gives rise toeral signaling. In many systems, including C. elegans,
lateral signaling is mediated by a pathway involving the 15 cells, including AWC. When either the AWCL or the
AWCR precursor was killed, the remaining AWC neuronNotch receptor. To ask whether Notch signaling regu-
lates the decision for an AWC neuron to express str-2, failed to express str-2 (Table 1). Control cell ablations
confirmed that killing AWC precursors resulted in elimi-expression of the str-2::GFP transgene was examined in
several mutants affecting the Notch pathway. C. elegans nation of the expected cells (see Experimental Proce-
dures). These results suggest that an AWC neuron re-has two Notch homologs, glp-1 and lin-12 (Yochem
et al., 1988; Austin and Kimble, 1989; Yochem and quires a signal from the other AWC neuron or a closely
related cell in order to express str-2. In the absence ofGreenwald, 1989). str-2 expression in the AWC neurons
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(Ca21) channel, respectively (Schafer and Kenyon, 1995;Table 1. Effects of Embryo and L1 Cell Ablations on str-2
Lee et al., 1997); unc-43 encodes the calcium/calmodu-Expression in AWC
lin-dependent protein kinase CaMKII (Reiner et al.,Embryonic Ablations
1999); unc-44 encodes a C. elegans homolog of ankyrin
Percentage with (Otsuka et al., 1995). These four unc genes are widely
str-2::GFP on expressed in the nervous system. All of the unc mutants
AWCL AWCR No. of Animals from our screen exhibited uncoordinated movement and
appeared similar to previously identified loss-of-func-Mock kill 47 53 n 5 17
tion mutations in these genes. Indeed, canonical loss-Kill AWCR precursora 0 N/A n 5 11
Kill AWCL precursora N/A 0 n 5 17 of-function alleles of each gene also affected str-2
Kill AWCR precursora 100b N/A n 5 3 asymmetry (Table 3 and below). The three remaining
in unc-36 complementation groups may define novel genes re-
quired to establish or maintain str-2 asymmetry. TheseL1 Ablations
genes have tentatively been named neuronal symmetry
Percentage with str-2::GFP
(nsy) genes. nsy-1(ky397, ky400) and nsy-2(ky388) muta-AWC Killed in Remaining Neuron
tions are fully recessive, whereas both alleles of nsy-
AWCON 0 AWCR, n 5 36 3(ky389, ky399) are semidominant (Table 2). nsy-1 mu-
AWCL, n 5 29
tants are coordinated but egg-laying defective; nsy-2AWCOFF 100 AWCR, n 5 4
and nsy-3 mutants exhibit superficially normal move-AWCL, n 5 4
ment and egg laying. The unc-44 mutant showed a dis-
a AWCR precursor is ABprpaa; AWCL precursor is ABplpaa. tinctive defect in which 0, 1, or 2 AWC neurons couldb Statistically different from control, p 5 0.003.
express str-2 (Table 3); in all other mutants at least one
AWC neuron expressed GFP. Based on the number of
alleles isolated per gene, this screen is not saturated
its contralateral partner or a closely related cell, the and additional genes that affect str-2 asymmetry are
basal state for str-2 expression in an AWC neuron is off. likely to exist.
To ask whether cell signaling was required to maintain Three genes identified in the genetic screen affect
the AWCON and AWCOFF fates, AWC neurons were killed calcium signaling. To confirm the results of the screen,
in the L1 stage after str-2 expression resolved to a single str-2 expression was examined in the canonical unc-
AWC neuron. When AWCON was killed in L1 after strong 2(e55) and unc-36(e251) loss-of-function alleles. In both
str-2 expression appeared, the other AWC did not ex- cases, many animals expressed str-2 in both AWC neu-
press str-2 in the adult (Table 1). Similarly, if AWCOFF rons (Table 3 and Figure 2A). unc-2(e55) had a milder
was killed after str-2 was strongly expressed in AWCON, defect, perhaps because it is a partial loss-of-function
expression of str-2 in AWCON did not change (Table 1). mutation. These results indicate that the unc-2 and unc-
Thus, the state of str-2 expression is stable once AWCON 36 Ca21 channel subunits are required to repress str-2
and AWCOFF are generated in the L1 stage. The decision and define the AWCOFF neuron.
to express str-2 must be made at some time between The Ca21 and calmodulin-dependent kinase CaMKII
converts an increase in Ca21 levels into protein phos-the 50-cell stage and the late L1 stage.
phorylation of many targets (Braun and Schulman,
1995); unc-43 encodes a C. elegans CaMKII homologCa21 Signaling Inhibits str-2 Expression
that is expressed in neurons (Reiner et al., 1999). A loss-A genetic screen was performed to identify mutants
of-function allele of unc-43 was identified in the screendefective in str-2 asymmetry. This screen yielded ten
for animals with two AWCON cells. Expression of str-2mutations in seven complementation groups that led to
was examined in both null unc-43(lf) mutants and unc-str-2 expression in both AWC neurons (Table 2). New
43(gf) mutants that are predicted to have calcium-inde-alleles of the previously identified genes unc-2, unc-36,
pendent kinase activity. These experiments revealedunc-43, and unc-44 were identified. unc-2 and unc-36
that unc-43 acts as a switch for str-2 expression. str-2encode a1 and a2 subunits of a voltage-gated calcium
was expressed in both cells in an unc-43(lf) background,
and it was often expressed in neither cell in an unc-
43(gf) background (Table 3 and Figure 2B). Thus, theTable 2. Neuronal Symmetry Mutants (nsy)
level of unc-43 CaMKII activity can determine whether
Percentage with a cell adopts the AWCON or AWCOFF fate. This result
Mutants 2 AWCON n suggests that regulation of unc-43 CaMKII is central to
unc-2(ky390) X 80 94 asymmetric str-2 expression.
unc-2(ky385) X 70 229 The presence of two AWCON cells in Ca21 signaling
unc-36(ky386) III 77 78 mutants could result from altered signaling between
unc-43(ky398) IV 86 29 AWC neurons or from a cell-intrinsic change in AWC
unc-44(ky394) IV 23 168
that makes str-2 expression independent of the normalnsy-1(ky397) II 100 34
inducing signal. If the calcium signaling molecules actnsy-1(ky400) II 98 55
within the AWC neurons, they could affect either thensy-2(ky388) III 68 62
nsy-3(ky389) V 96 107 signaling or the responding cell in the interaction. To
nsy-3(ky389)/1 30 60 begin to distinguish between these models, ablations
nsy-3(ky399) V 92 301 of AWC precursors were performed in an unc-36 back-
nsy-3(ky399)/1 51 130
ground (Table 1). In three animals in which the AWCR
Signaling Regulates Odorant Receptor Expression
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Table 3. Genes Required for Asymmetric Expression of str-2
Percentage of Animals
1 AWCON
Strain 2 AWCOFF 1 AWCOFF 2 AWCON n
Wild type 0 100 0 500
Axon guidance mutants
unc-76(e911) 43 57 0 114
sax-5(ky118) 52 47 1 79
vab-3(e648) 51 47 2 126
sax-3(ky123) 56 44 0 126
Axon guidance/cytoskeleton mutants
unc-33(e204) 14 59 27 195
unc-44(e362)* 21 62 18 195
Ca21 signaling mutants
unc-2(e55)* 13 39 48 158
unc-36(e251)* 0 3 97 121
unc-43(n1186)* 3 5 92 101
unc-43(n498gf) 80 20 0 133
unc-43(gf); unc-36 65 25 10 166
egl-2(n693gf) 0 1 99 166
Olfactory signaling mutants
odr-3(n1605) 0 100 0 150
odr-1(n1933) 100 0 0 150
daf-11(sa195), 158C 100 0 0 150
daf-11, L1/L2, 158C 0 100 0 98
odr-1, L1/L2 21 79 0 114
tax-4(p678) 13 81(56) 6 162
tax-2(p691) 4 80(10) 16 69
odr-1; tax-4 100 0 0 126
odr-1; tax-4 L1/L2 4 96 0 140
All animals were scored at 208C, except daf-11 animals, which were scored at 158C to allow non-dauer development. Animals were scored
as adults, unless otherwise indicated. Numbers in parentheses for tax-2 and tax-4 are percentages of animals that have 1 AWCON with dim
expression. Asterisks indicate genes also identified in screen for 2 AWCON animals.
precursor was killed, the remaining AWC cell expressed Ca21 signaling is specifically required for str-2 asym-
metry and not globally required for left±right asymmetry.str-2. This result suggests that unc-36 affects str-2 ex-
pression in an isolated AWC neuron, so that in unc-36 The ASEL and ASER neurons exhibit asymmetric ex-
pression of three guanylyl cyclase genes, includingmutants AWCON can be generated without the normal
inducing signal. In one model, the normal AWC signaling gcy-5, which is always expressed in ASER (Yu et al.,
1997). gcy-5 was asymmetrically expressed only inevent might inhibit Ca21 signaling and CaMKII in one
AWC neuron, resulting in the AWCON fate. ASER in both unc-43(lf) (n 5 45) and unc-43(gf) (n 5 50)
mutants.unc-43/CaMKII could be either a target or a regulator
of the unc-2 and unc-36 Ca21 channel subunits. If Ca21
entry through the channel increases unc-43 kinase activ- str-2 Expression Is Altered in Axon
Guidance Mutantsity, then the unc-43(gf) mutation should be epistatic to
the unc-36(lf) phenotype. Conversely, if unc-43 kinase The AWC cell bodies are distant from one another, but
their axons contact one another at several points in theregulates Ca21 channel activity, Ca21 channel mutations
should be epistatic to unc-43(gf). Double mutant analy- circumferential nerve ring (Figures 3A±3C) (White et al.,
1986). Therefore, if the decision to express str-2 is madesis indicates that unc-43(gf) is epistatic to unc-36, sug-
gesting that Ca21 entering through the unc-2 and unc- through cell±cell interactions between AWCL and AWCR,
a likely place for this communication to occur is at the36 channels stimulates unc-43 to inhibit str-2 expression
in one neuron (Table 3). AWC axons. To ask whether axon contact is required
for the decision to express str-2, expression of str-2The voltage-activated Ca21 channel encoded by unc-
2/36 is related to channels that are regulated by mem- was examined in four different axon guidance mutants:
unc-76, sax-5, vab-3, and sax-3. These mutants all dis-brane potential. To ask whether neuronal excitability
regulates str-2 expression, the str-2 reporter gene was play premature axon termination of chemosensory ax-
ons in the nerve ring (Hedgecock et al., 1985; Zallen etexamined in egl-2(n693) mutants. egl-2(n693) encodes
an ERG-type potassium channel that opens at a lower al., 1998, 1999). In all four mutants, many animals had
no str-2 expression in AWC (Table 3 and Figure 3E). Asvoltage than the wild-type channel, resulting in defects
in AWC function, egg laying, and other behaviors (Wein- expected from previous results, all four mutants exhib-
ited premature termination of the AWC axons (Figureshenker et al., 1999). In egl-2(n693) mutants, str-2 was
expressed in both AWC neurons (Table 3). Reduced 3D and data not shown). These results suggest that
normal axon guidance, perhaps to allow contact be-excitability of the AWC neurons in egl-2(n693) mutants
might prevent the voltage-dependent Ca21 channel from tween the two AWC axons, is required for asymmetric
expression of str-2. Since AWCOFF is the default state,opening, thereby affecting str-2 expression.
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Figure 3. Axon Guidance Mutants Are Defective in str-2 Asymmetry
(A) A lateral diagram showing the morphology of one AWC neuron.
(B) A cross-sectional diagram of both AWC axons. The two neurons are in contact in the dorsal half of their trajectory and synapse on each
other.
(C) A lateral view of the AWC neuron as visualized by str-2::GFP expression. The axon projects dorsally past the cell body and then wraps
around the contralateral side. Arrow indicates the dorsal midline.
(D) str-2::GFP expression in an unc-76 mutant animal. The AWC axon often terminates prematurely (arrow) and fails to reach the dorsal midline.
(E) str-2::GFP is not expressed in this unc-76 mutant animal.
(F) str-2::GFP can be expressed in both AWC neurons in unc-33 mutants.
(C)±(F) are confocal z series images collapsed into a single plane; anterior is left, and dorsal is up.
contact with the contralateral AWC neuron may induce from a combination of altered axon guidance, altered
cilia, and other consequences of cytoskeletal defects.str-2 expression and the AWCON fate.
The genetic screen for str-2 expression in both AWC The AWC neurons make several synapses onto one
another in the nerve ring (White et al., 1986). Mutantsneurons yielded one allele of the axon guidance gene
unc-44 (Hedgecock et al., 1985). str-2 was expressed with defects in synaptic transmission were examined
for str-2 expression. snt-1, unc-104, and unc-13 arein either 0, 1, or 2 AWC cells in unc-44 mutants (Tables 2
and 3). A similar effect was observed in unc-33 mutants, genes that are required for chemical neurotransmission:
snt-1 encodes a synaptotagmin homolog, unc-104 en-which share many phenotypes with unc-44 (Hedgecock
et al., 1985) (Table 3 and Figure 3F). unc-44 encodes a codes a kinesin-related protein that transports vesicles
to synapses, and unc-13 encodes a novel conserved pro-C. elegans ankyrin, which may have a general role in
regulating cell polarity and the cytoskeleton (Otsuka et tein that regulates synaptic release (Hall and Hedgecock,
1991; Maruyama and Brenner, 1991; Nonet et al., 1993).al., 1995). In addition to axon guidance defects, both
unc-33 and unc-44 mutants have abnormal microtubule unc-7 encodes a membrane protein that is a possible
gap junction component (Starich et al., 1993). In all fourstructures in sensory cilia (Hedgecock et al., 1985). The
defective str-2 expression in these mutants could result mutants, asymmetry of str-2 was unaffected (see Experi-
Signaling Regulates Odorant Receptor Expression
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mental Procedures). Therefore, although neuronal activ- mutants in which there are two AWCOFF cells; (2) cy-
ity and axon contact play a role, classical fast synaptic toskeleton/axon guidance mutants that can have two
transmission may not be involved in the decision to AWCOFF cells or two AWCON cells; (3) Ca21 signaling mu-
express str-2. tants in which there are two AWCON cells; and (4) cGMP
signaling mutants that have two AWCOFF cells after the
Olfactory Signaling Components Are Required L1 stage due to a defect in str-2 maintenance. For most
to Maintain str-2 Expression mutant classes, some animals exhibited the normal 1
Within olfactory neurons, the unc-2/unc-36 Ca21 chan- AWCON/1 AWCOFF pattern. To determine the relationship
nels could potentially respond to depolarization at the among these different pathways with regard to their
sensory cilia, depolarization at neuronal synapses, or effects on str-2 expression, double mutants were made
G protein±mediated second messenger pathways. To with genes from different pathways (Table 4 and Figure
explore these possibilities, str-2 expression was exam- 4A) and examined for the frequency of the aberrant two
ined in mutants that affect olfactory signal transduction. AWCON and two AWCOFF classes.
AWC olfactory signaling involves a cGMP second mes- Ca21 signaling mutants were epistatic to the axon
senger and requires the Gi/Go-like Ga protein ODR-3, guidance mutant unc-76, suggesting that the initial infor-
the TAX-2/TAX-4 cGMP-gated channel, and the ODR-1 mation provided by axon contact must be interpreted
and DAF-11 guanylyl cyclases (Birnby and Thomas, per- through the Ca21 signaling pathway. These results are
sonal communication; N. L'Etoile and C. I. B., unpub- consistent with the laser killing experiment showing that
lished data; Coburn and Bargmann, 1996; Komatsu et AWC communication is not required for str-2 expression
al., 1996; Roayaie et al., 1998). str-2 was not expressed in unc-36 mutants. The cGMP pathway was epistatic to
in either of the AWC neurons in adult animals with muta- the Ca21 signaling mutants, suggesting that the mainte-
tions in the guanylyl cyclase genes daf-11 and odr-1 nance pathway is needed even when str-2 expression
(Figure 2C and Table 3). Mutations in either the tax-2 comes on via abnormal Ca21 signaling. The Ca21 signal-
or tax-4 subunit of the cyclic nucleotide-gated channel ing mutants were epistatic to the mutants unc-33/44,
decreased overall levels of str-2 expression and some- which affect the cytoskeleton and axon guidance, but
times resulted in two AWCOFF cells (Table 3). tax-2/4 paradoxically the cytoskeletal mutants were epistatic to
mutants occasionally expressed str-2 in both AWC neu- cGMP signaling mutants. A possible explanation for this
rons, but one neuron was usually much fainter than the result is that cytoskeletal factors act both in axon guid-
other, unlike Ca21 signaling mutants, where two AWC ance and in another process. For example, they could
neurons expressed str-2 at equivalent levels. Thus, the act in axon guidance upstream of Ca21 signaling to pro-
tax-2/4 channel mutants disrupt str-2 expression in sev- mote expression of str-2 in one cell (leading to the two
eral ways, but they act chiefly to lower str-2 expression. AWCOFF phenotype) and also at a later step to inhibit
The low but visible level of str-2 expression in channel str-2 expression in one cell (leading to the two AWCON
mutants contrasted with the guanylyl cyclase mutants phenotype). This model is consistent with the pleiotropic
in which no str-2 expression could be detected. This effects of unc-33 and unc-44 on cell polarity, axon guid-
result suggests that the guanylyl cyclases have slightly ance, and cilium morphology.
different functions from the tax-2/4 channel, perhaps
because cGMP regulates multiple targets. tax-4; odr-1
Discussiondouble mutants did not express any str-2 in the AWC
neurons (Table 3), like odr-1 mutants alone. str-2 expres-
Lateral Signaling through Axon Contact and CaMKIIsion was normal in odr-3 mutants (Table 3). Several other
Controls str-2 ExpressionGa proteins are expressed in AWC and may play a role
The C. elegans candidate odorant receptor str-2 is ex-in olfaction (Jansen et al., 1999), so lack of a phenotype
pressed in a stochastic, asymmetric fashion in the AWCin odr-3 mutants could be due to G protein redundancy.
olfactory neurons. An individual animal expresses str-2The cGMP signal transduction mutants and the Ca21
in either the left AWC or the right AWC neuron, but neverchannel mutants had opposite effects on str-2 expres-
in both. str-2 is the only known odorant receptor that ission, suggesting that these pathways act independently
expressed at high levels in AWC, so at this point it isin AWC. Indeed, in odr-1 mutants, daf-11 mutants, daf-
unclear whether AWCOFF expresses completely different11; odr-1 mutants, and tax-4; odr-1 mutants, the initial
receptors from AWCON, or whether the two cells sharedecision to express str-2 was mostly unaffected. str-2
most receptors other than str-2. Laser ablations andexpression was present in one AWC neuron in the L1/
genetic experiments suggest that both AWCOFF andL2 larval stage, but its expression disappeared later
AWCON respond to attractive odorants (data not shown).during the L2-L3 stage (Table 3 and Figure 2D). This
A model for str-2 regulation is proposed in Figure 4B.phenotype is specific to the cGMP mutants, since other
In the absence of cell signaling, the AWC neurons domutants that lack str-2 expression, such as unc-76 and
not express str-2 (Step 1). This str-2-negative state isunc-43(gf), had reduced expression in both L1 stages
probably maintained by Ca21, which enters the celland in adults. These results suggest that olfactory cGMP
through a voltage-gated Ca21 channel and activatessignaling is required to maintain str-2 expression but is
unc-43/CaMKII. During normal development, the axonsnot required to create the initial asymmetry.
of the two AWC neurons communicate either directly or
via another axon in the nerve ring, and str-2 expressionDouble Mutant Analysis of Genes Required
is specified in one of the two cells. The initial signal forfor str-2 Expression
asymmetry between the two AWC neurons is unknown,str-2::GFP expression appears to be regulated by genes
that fall into four different categories: (1) axon guidance but an essential aspect of their communication involves
Cell
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Table 4. str-2 Expression in Double Mutants
Percentage of Animals
1 AWCON
Strain 2 AWCOFF 1 AWCOFF 2 AWCON n
Wild type N2 0 100 0 .500
Double mutants
Axon guidance alone unc-76 43 57 0 114
Axon guidance and Ca21 unc-76; unc-2 19 43 38 150
unc-76; unc-36 10 23 67 136
unc-76; unc-43(lf) 2 5 93 116
Axon guidance and cGMP unc-76; odr-1 97 3 0 116
Ca21 signaling alone unc-2 13 39 48 158
unc-36 0 3 97 121
unc-43(lf) 3 5 92 101
Ca21 signaling and cGMP unc-2; daf-11 100 0 0 82
unc-36; daf-11 98 2 2 131
unc-36; odr-1 98 2 0 81
unc-43(lf); odr-1 100 0 0 125
Ca21 signaling and cytoskeleton unc-2; unc-33 1 21 78 114
unc-2; unc-44 1 40 59 81
unc-36; unc-33 0 0 100 82
unc-36; unc-44 1 5 94 121
cGMP signaling alone odr-1 100 0 0 150
daf-11 100 0 0 150
cGMP signaling and cytoskeleton odr-1; unc-33 15 33 52 115
odr-1; unc-44 17 38 45 196
daf-11; unc-33 28 65 8 219
daf-11; unc-44 23 58 19 150
Mutant alleles as in Table 2, except unc-43(lf);odr-1(n1936). All animals scored at 208C, except daf-11 mutants, which were scored at 158C
to allow non-dauer development.
the unc-2/36 calcium channel and unc-43/CaMKII. At decisions usually involve the Notch signaling pathway,
which has been implicated in a broad spectrum of cellsome point one cell takes on the AWCOFF fate (shown
as the left cell in Figure 4B) and instructs the other cell fate decisions in animal development (Robey, 1997;
Greenwald, 1998). While an involvement of Notch signal-to take on the AWCON fate (Step 2). The AWCON fate is then
maintained by the cGMP signaling pathway (Step 3). ing in str-2 asymmetry has not been definitively ruled
out, str-2 expression is not altered in many mutants ofWhen one AWC precursor was killed early in de-
velopment, the surviving AWC neuron always became this pathway. Moreover, our direct mutant screens have
not yet revealed any genes in the C. elegans NotchAWCOFF. This result indicates that a descendent of the
ablated AWC precursor is required to induce str-2 ex- pathway. Regulation of str-2 expression may therefore
define a novel type of lateral signaling pathway.pression and the AWCON fate. AWC itself is the best
candidate to be the descendent that provides this induc- The signaling pathway that induces str-2 expression
is different in several fundamental ways from knowntive signal, though it could be provided by a close rela-
tive of AWC. The two AWC axons contact one another lateral signaling pathways. AWC signaling appears to
take place in mature neurons that have already extendedin the nerve ring, whereas the AWC relatives are not
closely associated with AWC (White et al., 1986). In mu- axons and made contacts with each other. Notch path-
ways usually act on undifferentiated precursor cells totants in which AWC axons terminate prematurely, str-2
is often not expressed, suggesting that axon contact is prevent differentiation or to determine cell fate. Another
unique property of the decision to express str-2 is therequired for AWC communication.
The decision to express str-2 appears to be fixed by central role of Ca21 signaling. Analysis of str-2 expres-
sion in CaMKII unc-43(lf) and unc-43(gf) mutants indi-the end of the L1 stage, after expression is upregulated
in AWC. Ablation of AWCON in the L1 stage did not cause cates that CaMKII acts as a switch for str-2 expression,
probably as a result of Ca21 entering through the unc-AWCOFF to express str-2, nor did ablation of AWCOFF
cause AWCON to turn off str-2. The ablations define a 2/36 Ca21 channel. Ca21 signaling is required for each
AWC cell to repress str-2 and take on the AWCOFF fate:period between the 50-cell stage and the late L1 stage in
which a stable pattern of str-2 asymmetry is established. ablation of an AWC precursor in unc-36 Ca21 channel
mutants indicates that an isolated AWC neuron took onThe course of str-2::GFP expression changes during
that period: str-2::GFP is first expressed in a number of the AWCON fate instead of the normal AWCOFF fate. These
results and the analysis of double mutants suggest thatcells during late embryonic development and expression
becomes progressively more restricted until only one signaling between AWC neurons inhibits Ca21 signaling
in the AWCON cell. Ca21 signaling has well-establishedAWC neuron shows expression in larvae.
The stochastic AWC interaction that establishes str-2 roles in synaptic transmission and neuronal plasticity;
these results indicate that Ca21 pathways can also actexpression is reminiscent of lateral signaling pathways,
in which cells of equivalent potential interact with each to diversify neuronal cell fates during development.
We have not yet identified the receptors or ligandsother to generate two distinct cell fates. Lateral signaling
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AWCON fate in the contralateral AWC neuron. Alterna-
tively, since Ca21 signaling plays a role in the decision,
differences in electrical activity might create a bias in
CaMKII activity between the two AWC cells. The connec-
tions that the two AWC neurons make in the nerve ring
are mostly symmetrical in adults, but there might be
additional axons that make asymmetrical contacts in
the embryo and contribute to AWC asymmetry.
In the final stages of lateral signaling, one cell's sto-
chastic advantage is amplified into an irreversible deci-
sion. In Notch signaling, a small initial asymmetry in
receptor-ligand expression is amplified by both positive
and negative feedback loops to yield two distinct cell
types. The str-2 lateral signaling decision might use Ca21
signaling to reinforce the decision. Neuronal activity
downregulates the cell adhesion molecules apCAM
(Mayford et al., 1992) and fasciclin II (Schuster et al.,
1996); a related mechanism could allow Ca21 feedback
to amplify an asymmetric interaction mediated by adhe-
sion molecules. Alternatively, Ca21 may act downstream
of all earlier signaling pathways to execute the str-2
decision.
The screen for genes affecting str-2 asymmetry
yielded four known unc genes and three new nsy genes.
The nsy genes appear to be less pleiotropic than the
unc genes and may be more specific to the AWC cell
fate decision. The nsy genes could encode the receptors
or ligands involved in AWC interactions, transcription
factors that regulate str-2 expression downstream of
CaMKII, or other signaling components. The dominant
nsy-3 mutations are particularly intriguing since many
Figure 4. Model for str-2 Regulation mutations in Notch, its ligand Delta, and the Enhancer
(A) Epistasis based on double mutant analysis. of Split transcription factor have dominant phenotypes
(B) Possible cell interactions involved in the choice to express str-2 due to haploinsufficiency or altered function.
in a hypothetical example in which the right AWC neuron will become cGMP signaling appears to have a role in the mainte-
AWCON (see text for details).
nance of str-2 expression. Direct observation and dou-
ble mutant analysis suggest that cGMP signaling acts
after Ca21 signaling. In contrast to other mutants defec-that allow the AWC neurons to recognize and signal to
tive in the AWCON fate, the initial decision to expresseach other. Examination of C. elegans neuroanatomy
str-2 asymmetrically appears to occur normally in cGMPsuggests that many neurons recognize their contralat-
signaling mutants, but expression is not maintained. Iteral partner; most bilaterally symmetric neurons in the
is possible that cGMP signaling also has an ancillarynerve ring terminate at the dorsal midline where they
role in the decision to express str-2, since tax-2/4(lf)make a gap junction with the axon from their contralat-
mutants sometimes have two AWCON cells. cGMP levelseral partner (White et al., 1986). The two AWC neurons
are thought to be regulated by olfactory stimuli, so thismake chemical synapses onto each other in the nerve
pathway could link external olfactory cues to the regula-ring, suggesting that they have an intrinsic affinity for
tion of gene expression within olfactory neurons. Over-each other among the 180 or so other axons in the
expression of STR-2 or ODR-10 odorant receptors canneuropil. Molecules that mediate AWC self-recognition,
affect str-2 asymmetry (data not shown), but these re-which might include homophilic cell adhesion mole-
sults should be interpreted with caution, since inappro-cules, could initiate the signaling between the two AWC
priate receptor expression could drive Ca21, cGMP, oraxons. Signaling should lower the activity of the CaMKII
other signaling pathways to disrupt str-2 asymmetry.Ca21 signaling pathway, which regulates str-2 expres-
Interestingly, both the unc-2 and unc-36 Ca21 channelsion. Although there are synapses between the two AWC
subunits and the tax-2/4 cGMP channel can be Ca21axons, genes involved in classical neurotransmission
permeable yet appear to have opposite effects on str-2do not appear to be required for str-2 asymmetry, sug-
expression. These channels might function differentlygesting that other forms of cell signaling are involved.
because of different subcellular localization in the cilia,Many peptide factors and cell adhesion pathways can
axons, or cell body of AWC. It is also possible that theyregulate calcium signaling. Developing snail neurons
act in different cells, since the sites of action of thesedisplay a large Ca21 influx and change their Ca21 setpoint
genes have not been determined. The Ca21 channel andin response to specific target contact (Zoran et al., 1993).
the cGMP channel may also be active at different timesThe initial asymmetry between AWC neurons could
in development, so that one functions during the initialbe generated by any process that is slightly variable
decision and the other predominates at later stages,between animals. The first AWC axon to arrive at the
dorsal midline could become competent to induce the during the maintenance of expression.
Cell
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Does Calcium-Mediated Lateral Signaling Act into alternative fates. A regular, nonrandom spacing of
in Other Systems? cells has also been suggested to occur in the zebrafish
Our studies of str-2 expression show that alternative olfactory epithelium (Baier et al., 1994).
olfactory cell fates can be specified by calcium channels Asymmetric expression of the str-2 candidate odorant
and CaM kinase. We speculate that Ca21 signaling may receptor reveals an intrinsic difference in the transcrip-
act in other developmental systems where fine pat- tional program of the two AWC neurons. What is the
terning occurs via neuronal interactions. Many regions significance of this regulation? One possibility is that it
of the nervous system contain dozens or hundreds of creates two independent AWC neurons that each have
cell types that are distinguished by the expression of a distinct olfactory specificity. Alternatively, the asym-
particular neurotransmitter receptors, channels, or neu- metric expression of receptors may allow for compari-
ropeptides. The signals that create this cellular diversity son of inputs between the two AWC neurons. Perhaps
are mostly unknown; a few examples with interesting this organization increases discrimination between odors
properties are described below. or creates a system for signal integration. Further under-
In the R7 and R8 photoreceptor cells of Drosophila, standing of this pathway could be provided by analysis
cell interactions restrict and coordinate rhodopsin ex- of a str-2 mutant, identification of a str-2 ligand, or isola-
pression. The R7 cell can express either the rh3 or rh4 tion of other AWC receptors and their ligands.
rhodopsin, while R8 can express either the rh5 or rh6
rhodopsin (Papatsenko et al., 1997; Chou et al., 1999). Experimental Procedures
Neighboring R7/R8 pairs coordinately express rh3/rh5
or rh4/rh6, and an apparently random choice made by Plasmid Construction
str-2 corresponds in part to the predicted gene C50C10.7, but cDNAR7 instructs the choice made by the neighboring R8.
clones of str-2 isolated by RT±PCR had a 39 exon distinct from thatAlthough the purpose of this regulation is unknown, the
predicted by the Genome Sequencing Consortium. The authenticstochastic and coordinated nature of this phenomenon
STR-2 protein is 26% identical to odr-10 at the amino acid level. A
is reminiscent of str-2 regulation and could involve a str-2::GFP fusion gene was prepared by using the polymerase chain
similar signaling pathway. reaction (PCR) to amplify 3.7 kb of sequence upstream of the pre-
C. elegans has an overall left±right body plan; within dicted start site of str-2 and the first seven amino acids of its coding
region. A PstI site and a BamHI site engineered into the PCR primersthis context, str-2 expression creates an additional sto-
were used to insert the amplified product into the GFP vectorchastic bilateral asymmetry. Other examples of stochas-
pPD95.75 (A. Fire et al., personal communication). The STR-2::GFPtic bilateral asymmetry established through cell±cell in-
(C terminal tag) construct was prepared by using PCR to amplifyteractions and activity occur in leeches and lobsters. 3.7 kb of sequence upstream of the predicted start site of str-2 and
In the leech nerve cord, individual AS neurons lie on the entire coding region except for the last six amino acids. A PstI
alternate left and right sides of successive ganglia (Blair site and a BamHI site engineered into the PCR primers were used
to insert the amplified product into the GFP vector pPD95.75. Theet al., 1990). An individual AS neuron develops from
str-2::ODR-10-GFP fusion gene was generated by PCR using 3.7bilaterally paired embryonic homologs that likely inter-
kb upstream region without any of the str-2 coding region. A PstIact through their axons to specify one to adopt the AS
site and a BamHI site engineered into the PCR primers were usedfate and the other the non-AS fate. Like the str-2 deci-
to insert the amplified product into a vector containing an odr-10
sion, this patterning appears not to be predetermined, cDNA fused to GFP at its carboxyl terminus (Sengupta et al., 1996).
but rather specified through interactions among initially
equivalent neurons during development. Lobsters pro- Transgenic Strains
vide another example of bilateral asymmetry that is both Germline transformation was carried out as described (Mello et al.,
stochastic and activity regulated (Govind, 1992). Lob- 1991). The lin-15 clone pJM23 (50 ng/ml) (Huang et al., 1994) and
str-2::GFP, str-2::ODR-10-GFP or STR-2::GFP (50 ng/ml) were in-sters develop claws that are bilaterally asymmetric; one
jected into lin-15(n765) animals. Transgenic animals were identifiedside forms as a major (crusher) claw, while the other
by rescue of the lin-15(n765ts) multivulval phenotype at 208C. Atside becomes a minor (cutter) claw, with the sidedness
least three independent lines were characterized for each transgene.randomly chosen. Behavioral activity has been shown
Transgenes were integrated into lin-15(n765ts) by psoralen/UV mu-
to be important during a critical period of development tagenesis. The str-2::GFP transgene was integrated onto chromo-
in which the more active side develops as a crusher. As somes I, IV, V, and X to generate four independent integrated strains.
with str-2, this decision seems to involve comparison All str-2::GFP integrated strains showed strong GFP expression in
only one AWC neuron and weak expression in both ASI neurons.of activity between two initially equivalent sides during
In the integrant on chromosome IV (kyIs131), 39% of the animalsa specific developmental period, which then results in
expressed GFP in AWCL and 61% in AWCR (n 5 56); in the integrantbilateral asymmetry.
on chromosome V (kyIs137), 52% of the animals expressed GFP inOn a more speculative note, the lateral signaling medi-
AWCL and 48% in AWCR (n 5 21); in the integrant on the X chromo-
ated by axon contact that we observe for str-2 expres- some (kyIs136), 51% of the animals expressed GFP in AWCL and
sion has the potential to generate a precise arrangement 49% in AWCR (n 5 221). Cell identification was based on the charac-
of cells at a specific density defined by the axonal or teristic morphology and position of GFP-positive cell nuclei viewed
by simultaneous fluorescence and Nomarski differential interferencedendritic arbor. In the mammalian retina, dozens of sub-
microscopy. Most crosses were performed with the integrant onclasses of bipolar cells, amacrine cells, and retinal gan-
chromosome I, kyIs140. A subset of mutants were analyzed withglion cells appear to ªtileº the retina so that dendrites
both kyIs140 and the integrant on chromosome X, kyIs136, andfor a given cell class cover the retina completely with yielded similar results in both strains.
minimal overlap (Wassle and Boycott, 1991; Grunert et
al., 1994; Devries and Baylor, 1997; MacNeil and Mas- Analysis of Candidate Mutations
land, 1998). One way to generate this precise pattern Expression of str-2::GFP was examined in a lin-12 loss-of-function
would be a lateral signaling process whereby each cell's mutant (n676n930 at 258C, n 5 120) and two lin-12 gain-of-function
mutants (n137n460 at 158C, n 5 160 and n676n930 at 158C, n 5dendritic arbor signals to adjacent cells and drives them
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117). A zygotic requirement for glp-1 was examined in two mutants the kill was not successful. Killing AWC in the L1 stage was per-
formed as described (Bargmann and Horvitz, 1991). Briefly, L1 ani-(q339, n 5 36; q175, n 5 52). A maternal requirement for glp-1 was
also examined with temperature shift experiments using the glp-1 mals were mounted on a 5% agar pad, the AWC neuron was identi-
fied by its characteristic morphology and position, or by the use oftemperature-sensitive allele, q224. glp-1 is essential for early embry-
onic inductive events, so shifts to the restrictive temperature were cell-specific GFP markers, and then laser irradiated.
performed after this time period (n 5 79). In all cases expression
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Isolation of Mutations that Affect str-2 Expression
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according to standard protocols and screened for ectopic expres-
sion of GFP under a fluorescence dissecting scope in the F2 genera-
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